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ABSTRACT
SPIDERS (The SPectroscopic IDentification of eROSITA Sources) is a large spectro-
scopic programme for X-ray selected galaxy clusters as part of the Sloan Digital Sky
Survey-IV (SDSS-IV). We describe the final dataset in the context of SDSS Data Re-
lease 16 (DR16): the survey overall characteristics, final targeting strategies, achieved
completeness and spectral quality, with special emphasis on its use as a galaxy cluster
sample for cosmology applications. SPIDERS now consists of about 27,000 new optical
spectra of galaxies selected within 4,000 photometric red sequences, each associated
with an X-ray source. The excellent spectrograph efficiency and a robust analysis
pipeline yield a spectroscopic redshift measurement success rate exceeding 98%, with
a median velocity accuracy of 20 km s−1 (at z = 0.2). Using the catalogue of 2,740 X-
ray galaxy clusters confirmed with DR16 spectroscopy, we reveal the three-dimensional
map of the galaxy cluster distribution in the observable Universe up to z ∼ 0.6. We
highlight the homogeneity of the member galaxy spectra among distinct regions of the
galaxy cluster phase space. Aided by accurate spectroscopic redshifts and by a model
of the sample selection effects, we compute the galaxy cluster X-ray luminosity func-
tion and we present its lack of evolution up to z = 0.6. Finally we discuss the prospects
of forthcoming large multiplexed spectroscopic programmes dedicated to follow up the
next generation of all-sky X-ray source catalogues.
Key words: galaxies: clusters: general – cosmology: observations – X-rays: galaxies:
clusters
? E-mail: nicolas.clerc@irap.omp.eu
1 INTRODUCTION
Studies of the distribution of galaxy clusters in the universe
rely on large and well-selected samples of astrophysical ob-
© 2019 The Authors
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2 N. Clerc et al.
jects tracing the most massive nodes of the cosmic web.
Large amounts of hot gas trapped within their deep mat-
ter potential wells make clusters of galaxies luminous X-
ray sources (e.g. Jones & Forman 1999). They appear as
diffuse extended sources (Abell 1958; Bahcall & Cen 1993;
Bo¨hringer et al. 2004; Oguri et al. 2018; Ridl et al. 2017;
Ricci et al. 2018; Wen & Han 2018; Andreon et al. 2019;
Gozaliasl et al. 2019), with galaxy overdensities extending
out to over 10 Mpc (Trevisan et al. 2017). Galaxies within
halos may have their properties affected by encounters with
the hot gas (e.g., Popesso et al. 2015; Lotz et al. 2019; Owers
et al. 2019).
Clusters of galaxies are rare objects, the more massive,
the rarer. Their number density scales between 10−5 and
10−8 Mpc−3 for lower mass limits of 1014 and 1015 M, re-
spectively (e.g. Vikhlinin et al. 2009). X-ray surveys of the
extragalactic sky fulfil the requirements of a large volume
coverage, high completeness and high purity as required by
cluster studies. Moreover, X-ray properties readily scale with
the mass of the host systems (e.g., Kaiser 1986); observa-
tions at high-energy are therefore particularly appealing for
cosmological studies based on the halo mass function (e.g.
Borgani et al. 1999; Henry et al. 2009; Mantz et al. 2010;
Reiprich & Bo¨hringer 2002; Ilic´ et al. 2015; Bo¨hringer et al.
2017; Schellenberger & Reiprich 2017; Pacaud et al. 2018).
Definitive assessment of the nature of the emitting sources,
including a precise measurement of their redshifts, is pro-
vided by the three-dimensional association with their mem-
ber galaxies, which is achieved in the most robust manner
through spectroscopic redshift surveys in the optical domain.
These allow measurements at a precision far below the typ-
ical velocity dispersions of their host halos.
Collecting large numbers of spectra of candidate mem-
ber galaxies is an observational challenge requiring highly
multiplexed, wide-aperture instrumentation supported by
high-quality uniform photometric surveys to draw tar-
gets from. The SPIDERS (SPectroscopic IDentification of
eROSITA Sources) programme within SDSS-IV (Blanton
et al. 2017) addresses this need in the context of wide-area
X-ray surveys. Sharing survey strategies with an observa-
tional cosmology project (the extended Baryon Oscillation
Survey eBOSS, Dawson et al. 2016) makes possible the ac-
quisition of a large number of spectroscopic redshifts for ob-
jects identified as counterparts of X-ray emitting sources.
The main challenge resides in ensuring maximal complete-
ness and wide uniformity of the datasets.
X-ray sources found outside of the Galactic plane can be
divided into several categories: galaxy clusters, active galac-
tic nuclei (AGN), X-ray emitting stars, compact objects, etc.
(e.g., Voges et al. 1999; Evans et al. 2010; Rosen et al. 2016).
Each class of object requires its own strategy in order to
target the most likely optical counterpart, given the limited
positional accuracies, depths, spectral resolution, etc. Nu-
merous AGN candidates found as point-like sources in the
Ro¨ntgen Satellite All-Sky Survey (RASS, Truemper 1993)
and the XMM-Newton Slew survey (Saxton et al. 2008) re-
quire maximum-likelihood or bayesian methods to enhance
the chances of association with an infrared or optical AGN
(Dwelly et al. 2017). Clusters of galaxies are scarcer and
they possess extended morphologies on the X-ray sky; how-
ever it is difficult to distinguish an extended source from
a point source below a certain flux level and beyond the
instrumental angular resolution limit. The ”red sequence”
(e.g. Gladders & Yee 2000), formed by passive galaxies in
those massive halos, helps to characterise them. Multiband
photometry of these galaxies provides an estimate of their
redshift (e.g., by locating the 4000 A˚ break passing through
filter passbands). This is the strategy adopted in SPIDERS
for selecting clusters: two X-ray samples extracted from the
RASS and the XMM-Newton archive are searched for opti-
cal red sequences in SDSS DR8 photometry (Aihara et al.
2011) using the redMaPPer algorithm (Rykoff et al. 2014).
A description of the parent SPIDERS galaxy cluster
samples and targeting strategies is provided in Clerc et al.
(2016) (hereafter C16). The target list was publicly released
alongside SDSS Data Release 13 (DR13, Albareti et al. 2017)
in the form of a Value-Added Catalogue1 (VAC). C16 ad-
ditionally describes the construction of an X-ray selected
galaxy cluster sample using spectroscopic data from a pi-
lot survey located in a sub-area of sky covering 300 deg2
(see Alam et al. 2015, for a description of the spectroscopic
dataset). This work demonstrated the end-to-end feasibility
of the SPIDERS project; the final catalogue of 230 systems
is available as a VAC. This VAC highlighted key features
of the sample, including its coverage of the mass-redshift
plane and the availability of velocity dispersions. An up-
dated catalogue of 520 systems with high optical richnesses
was released in the form of a VAC as part of DR14 (Abol-
fathi et al. 2018) with a corresponding sky area of about
2, 500 deg2. The DR14 catalogue forms the basis of studies
on the richness-mass and luminosity-mass relations Capasso
et al. (2019, 2020) and on properties of Brightest Cluster
Galaxies (Furnell et al. 2018; Erfanianfar et al. 2019).
The present paper enlarges the scope of the survey and
directly relates to DR16 (Ahumada et al. 2020). This data
release contains the entire set of SPIDERS spectra. The mo-
tivation of this paper is to provide a detailed census of the
data collected in the course of the project, to describe the
various steps that led to the final catalogues and to expose
salient features in the data, which includes a discussion on
the statistical content of the galaxy cluster sample.
The outline of this paper is as follows. Section 2 de-
scribes the SPIDERS survey design, the updated targeting
strategies, and the sensitivities of the relevant components.
Sect. 3 provides a detailed assessment of the content of the
DR16 spectroscopic data relevant to SPIDERS galaxy clus-
ters. Sect. 4 discusses the adopted survey strategy, and we
provide prospects for future massively multiplexed follow-
up programmes. Unless otherwise stated, the cosmological
model used in this paper is flat Λ Cold Dark Matter with
Ωm = 0.3 and H0 = 70 km s−1 Mpc−1. Magnitudes are ex-
pressed in their native SDSS (AB) system (Fukugita et al.
1996).
2 THE GALAXY CLUSTER SURVEY
This section is an overview of the survey design and target-
ing strategies. We also describe the galaxy cluster selection
function prior to spectroscopic observations.
1 All VACs are accessible under this link: https://www.sdss.
org/dr16/data_access/value-added-catalogs/.
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2.1 Parent samples and target selection
We refer the reader to C16 for an in-depth introduction
to the CODEX and X-CLASS parent samples and the al-
gorithms applied to select targets in optical imaging data.
These targets are astronomical sources identified in photo-
metric catalogues, a vast majority of them are galaxies. Fig-
ure 1 displays the area on the sky relevant to this section;
i.e., the ”chunks” eboss1-5, 9, 16, 20, 24, 26, 27 and SE-
QUELS (boss214, 217) where we effectively selected the tar-
gets relevant for the programme and acquired data through-
out the survey. All targets described in this section have a
target bit mask EBOSS_TARGET1 set to 31 in SDSS products;
a few target subclasses were defined, described in the follow-
ing paragraphs.
2.1.1 The CODEX sample and targeting
CODEX is a search for faint, X-ray extended sources in
all-sky ROSAT data (RASS), coupling a wavelet algo-
rithm to an automated optical cluster finder in the BOSS
∼ 10 000 deg2 ugriz imaging area (Finoguenov et al. 2020).
Specifically, two different X-ray source catalogues were pro-
duced by varying the wavelet threshold and the region of
each significant source was searched for an optical counter-
part (red-sequence) using the redMaPPer software (Rykoff
et al. 2012, 2014). The two catalogues were then cross-
matched and duplicates were eliminated.
The optical finder provides an estimate for the pho-
tometric redshift, zλ, of the galaxy cluster – mainly based
on the colours of the passive galaxies forming the detected
red-sequence – and an optimized richness estimator λ, which
scales with the number of galaxies exceeding a threshold stel-
lar luminosity. Because of the relatively large uncertainty in
the RASS source positions, reaching up to a few arcmin
for extended sources, the constraint on the centre is re-
laxed and the algorithm optimally finds an optical centre
within 3 arcmin of the X-ray position. Refined estimates for
the cluster photometric redshift and richness, dubbed ’OPT’
(optical), are calculated using the new position.
A critical by-product of this procedure is a list of iden-
tified red-sequence members, each assigned a membership
probability pmem ∈ [0, 1]. This ranked list of probabilities,
attached to each candidate X-ray selected cluster, forms
the basis of the targeting strategy and confirmation process
(C16).
As explained in C16, chunk eboss3 benefits from a
slightly modified targeting scheme due to the higher density
of X-ray sources in this area of sky. This scheme effectively
favours confirmation of many low-mass systems at the ex-
pense of a lower number of members per individual cluster
(Sect. 3.5).
In chunk eboss20 we added red-sequence targets at
larger cluster-centric radii than usual (up to five times the
virial radius) in order to enable cluster mass determination
through the caustic method (Diaferio 1999). A few clusters
were selected to this end, specifically weak-lensing detected
clusters in the CFHT/Stripe82 imaging survey (Shan et al.
2014) with a match in the CODEX catalogue. Fig. 2 shows
the distribution of targets on sky.
All targets described so far have bit mask
EBOSS_TARGET2 set to 1.
A few improvements to the target selection were
adopted, mainly intended to help confirm high-redshift sys-
tems in chunks eboss26 and eboss27. The following addi-
tional targets take advantage of deeper optical datasets over-
lapping the CODEX sample:
• SPIDERS_CODEX_CLUS_CFHT: following the proce-
dures described in Brimioulle et al. (2013), pointed
CFHT/Megacam observations and CFHT-LS fields provide
deep (u)griz photometry. The redMaPPer (Rykoff et al.
2014) cluster finder detected 598 red-sequence galaxies
selected as targets. Among them 515 are new additions to
the original list of targets, thereby increasing by about one
magnitude the depth probed in the small area of the sky
covered by CFHT observations. The corresponding target
bit mask EBOSS_TARGET2 is 6.
• SPIDERS_CODEX_CLUS_PS1: a few high-redshift (zλ >
0.5) CODEX cluster candidates were searched for red-
sequence counterparts in PanStarrs PS1 (Flewelling et al.
2016). Our custom version of the Multi-Component Matched
Filter (MCMF) tool (Klein et al. 2018) imposes a radial
constraint of 2 Mpc for members based on the redMaPPer
centre. Within this radial cut, each source is assigned a dis-
tance in colour-space (g− r, r − i and i − z) to a red-sequence
model. Each source’s colour-distance is transformed into a
colour-weight in every colour, which is then convolved with
a Gaussian smoothing kernel to provide an estimate of the
local density of red-sequence galaxies in the region of the
cluster candidate. A total of 1,244 members are then se-
lected by applying a threshold to the product of the weight
and density within a radius of 1.5 Mpc from the optical cen-
tre with z < 21. They contribute 1,194 new objects to the
original list of targets. The corresponding target bit mask
EBOSS_TARGET2 is 7.
• SPIDERS_CODEX_CLUS_DECALS: these targets are output
of a custom red-sequence finder code applied to DeCALS
photometric data2 (Dey et al. 2019). 549 photometric mem-
bers, matching the g−r and r− z colours of early-type galax-
ies, were selected from the region lying within 0.5 Mpc of the
X-ray position, contributing 517 new targets to the original
list. The corresponding target bit mask EBOSS_TARGET2 is 8.
2.1.2 The X-CLASS sample and targeting
The targeting of XMM-Newton serendipitous sources by
SPIDERS is extensively described in C16. The targeting
relies on a posteriori matching of redMaPPer detections
down to richness λ = 5 and X-ray ”Class 1” sources from
the X-CLASS survey (Sadibekova et al. 2014). Target pri-
orities were boosted relative to CODEX clusters to en-
hance their chance of being observed. The target bit mask
EBOSS_TARGET2 is set to 5. Differences with respect to
the CODEX sample are the scarcity of X-CLASS sources
(pointed XMM observations cover a small sky area), the ex-
cellent positional accuracy of the X-ray detections (below
10′′), and the uncontaminated nature of the sample (com-
posed of truly extended X-ray objects). These characteristics
make the spectroscopic confirmation of X-CLASS sample
more straightforward.
2 http://legacysurvey.org/decamls/
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Figure 1. Location of the survey in equatorial coordinates – this figure updates Fig. 1 in C16. The thin black contour delineates the
BOSS optical imaging area. The various chunks are tiled separately according to target selection algorithms. Chunks with at least one
observed plate relevant to the SPIDERS survey are displayed on this figure with colours; they define the SPIDERS targeting area. Circles
with a diameter of 3◦ represent individual spectroscopic plates. Those outlined with a heavier stroke have average spectral signal-to-noise
ratios passing eBOSS requirements (1000 fibres each, shared between eBOSS, TDSS and SPIDERS) and define the SPIDERS DR16
survey area.
Figure 2. SPIDERS galaxy cluster targets locations in chunk
eboss20. This is an expanded view at R.A.∼23h and Dec∼ 0◦ in
Fig. 1. Red circles have radii five times the virial radius of each
cluster detected in CODEX and CFHT lensing maps in Stripe82.
Photometric members are indicated in light grey; targets indi-
cated as dark blue dots were assigned a spectroscopic fibre.
2.2 Survey design
Figure 3 presents the sky coverage achieved after five years
of survey, including the SEQUELS area acquired as part
of SDSS-III (Albareti et al. 2017). The colour coding in-
dicates the X-ray sensitivity of the ROSAT all-sky survey
(RASS) from which the CODEX detections were drawn.
The pixel size is approximately 7′, equivalent to Nside = 512
in the HEALPix3 sky pixelation scheme. Despite local in-
homogeneities, the survey depth is rather uniform around
3 http://healpix.sourceforge.net
1 − 2 × 10−13 ergs s−1 cm−2 in the (0.5 – 2) keV band. Note,
however, the slight increase in depth at R.A.∼ 16 h, δ ∼
+50◦, close to the deep ROSAT North Ecliptic Pole (itself
at R.A.= 18h, δ = +66◦). As mentioned in the previous sec-
tion, a modified targeting scheme is used to take advantage
of the higher source number density in this area of sky.
In Fig. 3, each circle actually represents the footprint
of an eBOSS spectroscopic plate. Only those plates ac-
quired with average spectral signal-to-noise ratios reaching
the quality threshold imposed by the survey are considered.
The survey geometrical area subtends 5,350 deg2. Each of
these 1,137 plates has diameter 3◦ (7 deg2 geometrical area).
Neighbouring plates substantially overlap; almost half of the
geometrical area covered by one plate is common to one or
several other plates. The plate distribution is slightly denser
in the SEQUELS area (C16).
Each spectroscopic plate accommodates 1,000 spectro-
scopic fibres linked to the BOSS spectrographs (Smee et al.
2013) on the SDSS telescope (Gunn et al. 2006); a small
fraction (a few percent) is dedicated to SPIDERS galaxy
cluster targets, because of the low sky density of CODEX
candidates (less than one per square degree). Most of the
fibres are dedicated to the eBOSS programs (Quasars, Lu-
minous Red Galaxies, Lyman-α emitters, etc.), with some
assigned to SPIDERS AGN targets and Time-Domain Spec-
troscopic Survey (MacLeod et al. 2018) sources. Because of
the rarity of X-ray sources and the constraint imposed by
strongly clustered SPIDERS galaxies, these objects received
high priority in the process of assigning fibres to targets.
Such a strategy ensured that a maximum of cluster targets
MNRAS 000, 1–18 (2019)
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Figure 3. The X-ray sensitivity for CODEX detections in the SPIDERS footprint (5,350 deg2) shown in equatorial coordinates, in the
northern (left) and southern (right) Galactic caps. Equal-area pixel binning on the sphere is performed on a 7′ scale (Nside = 512).
The colour scale is logarithmic; gray areas indicate regions of very low sensitivity or unusable X-ray data. Individual eBOSS/SPIDERS
spectroscopic plates are recognisable from their circular, 3◦ diameter footprint.
could be assigned a fibre, especially at places where plates
overlap, despite the large fibre collision radius (62′′) relative
to arcminute-sized galaxy clusters.
2.3 Survey sensitivities prior to spectroscopic
follow-up
2.3.1 The CODEX survey depths
The area sensitivity curves for the CODEX X-ray detections
in the SPIDERS footprint is displayed in Fig. 4. The bot-
tom panel splits the visualization across the various chunks
(shown in Fig. 1). Such partitioning is arbitrary since the
shapes of chunks were designed independently from any X-
ray sensitivity consideration. This figure highlights the rel-
atively narrow spread of their median flux limit, flim,50%,
around the value 1.2 × 10−13 erg s−1 cm−2 among the mul-
tiple chunks, except for the eboss3 area which is slightly
deeper ( flim,50% = 0.7 × 10−13 erg s−1 cm−2).
Figure 5 shows the sensitivity (the 10σ depth in the
imodel band for galaxy sources4) of the SDSS DR8 photome-
try on a scale of ∼ 1.7′ (Nside = 2048) restricted to the SPI-
DERS footprint. This map was extracted from the redMaP-
Per maps in HEALPix format5 and is relevant for the version
of the data and algorithms used in this work. The proce-
dure followed in constructing these maps, as well as a dis-
cussion on their peculiar features, is given in Rykoff et al.
(2015). It is beyond the scope of this paper to provide de-
tails of these photometric maps; rather, we emphasize here
the typical ∼0.2 mag depth variation across the survey in
the i band. For the purpose of identifying counterparts to
faint ROSAT sources, this is sufficiently uniform coverage.
There is, however, a noticeable difference between the North
Galactic Cap (NGC) and South Galactic Cap (SGC) parts
of the sky, which impacts the spectroscopic observations of
higher-redshift and lower-mass systems. This is more eas-
ily seen in Fig. 6, where the pixelated maps of Fig. 5 were
4 ”Model” magnitudes are optimal measures of the flux using a
matched galaxy model (Stoughton et al. 2002).
5 Retrievable at http://risa.stanford.edu/redmapper/
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Figure 4. X-ray flux sensitivity curves for the CODEX survey
within the SPIDERS footprint, based on the Nside = 512 map
in Fig. 3. The top panel shows the sky area area covered as a
function of limiting flux. The dashed lines indicates the median ∼
10−13 erg s−1 cm−2 sensitivity (in the band 0.5–2 keV). The bottom
panel is a breakdown into the various sky chunks (displayed in
Fig. 1). All curves are normalised by the area covered by the
spectroscopic survey, indicated in the legend.
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used to compute the effective area as a function of limiting
magnitude. The SGC has a slightly higher median limiting
magnitude, and a tail towards shallower sky patches.
The sensitivities (both X-ray and optical) are essentially
uniform across the survey area, which eases the calculation
of a selection function for cosmology. Figure 7 explores spa-
tial correlations between the X-ray and i-band sensitivities
across the survey area. We performed pixel-alignment and
downsampled the HEALPix maps (Fig. 3 and 5) at various
resolutions (Nside = 23, 24, ..., 29) by averaging sensitivities in
adjacent pixels and maintaining the equal-area HEALPix
gridding. Such a binning scheme is a crude approach in the
presence of strong gradients in the sensitivity maps (e.g.
holes in the X-ray exposure map); however, those features
are relatively few. Matching the resulting maps pixel-to-pixel
reveals that the X-ray and optical sensitivities are weakly
correlated at all studied resolutions (third panel in the fig-
ure). Fits to the data points provide similar results at resolu-
tions corresponding to all values of Nside, with a slope (−0.1)
and intercept 21.2 when expressed in terms of imodel,lim and
log10( f Xlim/1.2×10−13cgs). The absolute Spearman correlation
coefficient ranges between 0.24, in the low-resolution case,
and 0.12, in the high-resolution case; the p-value remains
very small due to the high number of points. This analysis
portrays a weak, albeit significant, correlation between the
optical and X-ray survey sensitivities. This feature has been
exploited in the targeting strategy and the spectroscopic
confirmation of cluster candidates, for instance by imposing
a uniform target magnitude limit (ifiber2 = 21.2) and per-
forming visual validation of candidates independently from
the exact location of a candidate on sky.
2.3.2 The X-CLASS survey depths
Clerc et al. (2012) presented a method for deriving the se-
lection function of sources selected as ’C1’ extended sources
in the XMM-Newton archive. This technique is supported
by extensive end-to-end simulations of individual pointings
coupled with the same source detection pipeline as in the
data analysis. The ‘C1’ class (Pacaud et al. 2006) is de-
fined as an almost pure selection of extended sources based
solely on X-ray detection criteria (measured extent, extent
likelihood specifically). In this approach, ‘pure’ means free
from spurious detections and contamination by point-like
sources, as long as the input conditions of the simulations
are a faithful representation of real observing conditions.
Overlaps of neighbouring pointings (each spanning ∼ 30′ on
sky) are treated consistently with the catalogue construc-
tion (e.g. higher exposure pointings are favoured, while two
pointings of similar exposure bear equal weights). In prac-
tice, selection functions pre-computed on a grid of pointing
exposure time, local background level, and local Galactic ab-
sorption are interpolated and this provides the probability
of detecting a galaxy cluster of core-radius Rc (arcsec) and
flux fX (in the 0.5–2 keV energy band) at a given sky lo-
cation. The X-CLASS survey is significantly deeper than
RASS; for instance, a galaxy cluster represented as a β-
model (Cavaliere & Fusco-Femiano 1976) surface brightness
profile with apparent core-radius 20′′ and (0.5–2) keV flux
3 × 10−14 erg s−1 cm−2 has about 50% probability of being
detected and classified as ‘C1’ in a 10 ks XMM observation
with standard background levels.
Because the same imaging dataset is used in finding
counterparts to X-CLASS sources as to CODEX sources,
optical sensitivities are identical to those presented previ-
ously (e.g. Fig. 5); in particular, these optical sensitivities
limit the accessible range of cluster redshifts to 0 . z . 0.7.
The comparatively deeper X-ray survey thus enables probing
lower mass clusters on average, almost reaching the group
regime. Finally, recall that the matching procedure between
X-ray and optical cluster detections slightly differs from that
used to build the CODEX sample: it relies on a cross-match
between two independent catalogues, while CODEX is a red-
sequence search around each X-ray source. It is beyond the
scope of this paper to quantify the subsequent selection in-
troduced by the optical/X-ray cross-matching; the reader is
referred to Sadibekova et al. (2014) for further details.
3 GALAXY CLUSTER SURVEY DATA
This section provides an overview of the final spectroscopic
data and products obtained through the SPIDERS survey.
We also review the main features of the galaxy cluster cat-
alogues constructed from this sample, described in dedi-
cated papers: Kirkpatrick et al. (subm) (hereafter K20) for
CODEX and Clerc et al. (prep) for X-CLASS.
3.1 Tiling and fiber assignment
Tiling is the process that assigns spectroscopic fibres to
targets in the most efficient manner. Survey tiling is per-
formed simultaneously for all eBOSS subcomponents, in-
cluding SPIDERS (Dawson et al. 2016); each chunk being
treated independently from the others. Each survey subcom-
ponent provides a list of prioritised targets to the algorithm,
such targets are denoted as ‘submitted’. A submitted target
may be present in more than one list. Targets which are
assigned a spectroscopic fibre are denoted as ‘tiled’; these
targets enter an observing queue at the telescope and they
may eventually be observed. C16 provides a presentation of
the tiling results with a perspective on galaxy cluster confir-
mation efficiency and the impact of the fibre collision radius.
Most of these findings are unchanged for the chunks most
recently tiled (eboss20/24/26/27). Due to both the require-
ment of high completeness and the low number density of
sources, SPIDERS targets are assigned fibres with highest
priorities; putative Brightest Central Galaxies are prioritised
first among those. Besides the natural dimming of cluster
galaxies with increasing redshift, strong observational con-
straints are imposed by the 62′′ collision radius of fibres
feeding the BOSS spectrographs. Typical SPIDERS galaxy
cluster extents range from two to a few arcmin, and red-
sequence galaxies are concentrated towards the cluster cen-
tre as their luminosity increases. Overlaps of spectroscopic
plates allows one to revisit a certain area of sky twice (or
more), thus slightly alleviating the issue of fibre collision.
Figure 8 presents numbers of targets grouped by their
redMaPPer membership probability (pmem). The histograms
are computed for the area of sky surveyed by SPIDERS
(5,350 deg2 as shown in Fig. 3). Roughly speaking, pmem en-
capsulates information about the luminosity of a galaxy, its
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Figure 5. The SDSS-i band photometric sensitivity for redMaPPer detections in the SPIDERS footprint (5,350 deg2). This figure is
adapted from Rykoff et al. (2015). The colour scale spans the ±3 standard-deviation range (σi = 0.16 mag on the ∼ 1.7′ pixel scale of
these maps) around the median value imodel = 21.2. Projection and coordinates are identical to those in Fig. 3.
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Figure 6. Photometric sensitivity area curves in the SDSS imodel
band used for redMaPPer detections in the SPIDERS survey. The
southern Galactic cap (SGC) is slightly shallower than the north-
ern Galactic cap (NGC) on average, with a larger fraction of shal-
lower sky patches. i-band sensitivity maps were filtered on a ∼ 1.7′
scale to produce these curves.
distance in colour-space from the red-sequence, and its phys-
ical distance to a cluster centre. By design of the targeting
algorithm, pmem is always greater than 0.05 for SPIDERS
clusters. The target allocation completeness (shown in the
top panel) is roughly constant at ∼ 70% up to pmem ∼ 0.8.
The allocation completeness slightly decreases at high pmem
as a consequence of the finite fibre collision radius and the
spatially concentrated nature of high-pmem galaxies within
a cluster. The middle panel represents the target selection
completeness (ratio between the blue and red curves). The
target selection algorithm is able to allocate a fibre to 10%
of all photometric members with pmem . 0.4. This ratio con-
tinuously rises up to ∼ 35% as pmem approaches 1.
The number of tiled targets displayed in Fig. 8 (30,236)
is slightly higher than the actual number of observed tar-
gets (29,609, see next section), even though they share iden-
tical sky footprints. Unobserved targets are of two kinds.
Those located at the border of the survey footprint were
assigned a fibre on a neighbouring spectroscopic plate that
was not observed during the course of the survey (see also
Fig. 14). Those located in the SEQUELS footprint were ini-
tially assigned a fibre and were discarded while applying the
SPIDERS target algorithm (C16). We also show in Fig. 8
the number of spectroscopically identified cluster members
(see Sect. 3.3). Their total number exceeds the number of
tiled targets, because our final analysis makes use of data
obtained prior to SPIDERS during previous SDSS projects.
3.2 Spectral quality and completeness of
SPIDERS spectra
In this section we discuss specifically new targets acquired
as part of the SPIDERS galaxy cluster survey. From the
SDSS DR16 spectroscopic sample, we retrieve all those tar-
gets with bit flag EBOSS_TARGET1 set to 31 (SPIDERS tar-
gets) and EBOSS_TARGET2 set to 1 (CODEX cluster targets)
or 5 (X-CLASS cluster targets). The overlap between the
CODEX and X-CLASS cluster samples is non-zero, hence
the overlap between the corresponding target classes. We
also include in this discussion galaxy cluster targets ac-
quired as part of the SEQUELS survey, released together
with SDSS DR13 (Albareti et al. 2017) and reanalysed in
DR16; these are obtained by selecting objects with bit flags
EBOSS_TARGET0 and ANCILLARY_TARGET2 set to 21 and 53, re-
spectively. To ensure removal of duplicate acquisitions, only
objects with SPECPRIMARY set to 1 are considered.
Table 1 summarises the numbers of spectra obtained as
part of the SPIDERS galaxy cluster program. The top sec-
tion of this table relates to SPIDERS targets, the bottom
to SEQUELS targets. The vast majority of SPIDERS clus-
ter spectra are linked to a CODEX (RASS) target. A small
overlap (0.4%) with the SPIDERS AGN targets is notice-
able, due to the different nature of the algorithms match-
ing X-ray sources to optical sources for clusters and AGN.
Consistent with the high overall signal-to-noise ratio of the
spectra, only ∼ 1% of the spectra have a ZWARNING_NOQSO >
0, indicative of a less reliable fit. Those spectra correspond
to low signal-to-noise ratio spectra or absence of signal in
the detectors, due e.g., to unplugged fibres.
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Figure 7. A mild correlation between sensitivities in the optical and X-ray bands is observed in the survey footprint. Maps in the first
and second column are essentially similar to Fig. 3 and Fig. 5, respectively (identical color scales and coordinate systems, but Mollweide
projection). They are displayed at various increasing resolutions (from top to bottom) indicated by the value Nside, using average pixel
binning (see text). The rightmost panel shows the pixel-to-pixel correspondance between the X-ray limiting flux and the i-band magnitude
limit, colour coded by density. A linear model is fit to the datapoints as an indication of the general trend. It provides similar results at
all tested resolutions, namely imodel, lim = 21.2 − 0.1 log10( f Xlim/1.2 × 10−13cgs).
The histograms in Fig. 9 and Fig. 10 provide more de-
tailed views of the quality of this new spectroscopic dataset
in terms of the median signal-to-noise ratio of the spectra
(SN_MEDIAN_ALL) and the ∆χ2/dof value, respectively. The
former is interpreted as a tracer of the quality of the spectra;
the latter is the difference between the reduced χ2 of the best
fit template and the second best fit template after exclusion
of quasar templates from the fit and is therefore an indicator
of the reliability of the template selected to determine the
redshift of the target (Bolton et al. 2012). To ease the com-
parison, the distributions for the widely-used CMASS and
LOWZ galaxy samples of SDSS-III/BOSS (Dawson et al.
2013) are displayed; SPIDERS spectral quality is located
between these two samples and its distribution is broader.
Figure 11 shows the distribution of ”fiber2mag” magni-
tudes in the SDSS-i filter for SPIDERS and CMASS/LOWZ
targets. These values scale directly with the flux entering a
spectroscopic fibre. By design, it exhibits a sharp cut-off at
i = 21.2. The distribution is strongly skewed towards fainter
sources, as expected from the shape of the luminosity func-
tion of cluster galaxies. The relative locations of this distri-
bution compared to the CMASS and the LOWZ targets are
consistent with the distributions shown on Figs. 9 and 10.
This behaviour is a direct consequence of the homogeneity of
the spectral types (passive galaxies mainly) and consistent
with the flux being the main driver of the spectral qual-
ity. Finally, Figure 12 represents the SDSS ”model” magni-
tude distribution of targets, more representative estimate of
the total light emitted by the galaxies in the i filter. The
smoother cut-off is located around imodel ' 20.2.
SPIDERS galaxy cluster confirmation relies on ” NO-
QSO” best-fitting values, which are obtained by discarding
quasar (QSO) models from the spectral template library
(Bolton et al. 2012). In particular, object redshift (z) and
associated uncertainties (∆z) are extracted from columns
Z_NOQSO and Z_ERR_NOQSO. Fig. 13 presents the distribu-
tion of targets in the z-∆z plane for the SPIDERS spec-
troscopic sample. On average, cluster targets reach z ∼ 0.6
and their redshift distribution peaks at z ∼ 0.2 − 0.3. The
typical redshift uncertainties (∆z ∼ 0.2 − 1 × 10−4) increase
with redshift and are slightly higher than those of the LOWZ
and CMASS samples. Again, this behaviour follows expec-
tations from targeting satellite galaxies in massive halos.
Following Bolton et al. (2012) and Dawson et al. (2016),
the pipeline uncertainties on individual redshift estimates
should be multiplied by a factor of up to 1.34 in order to
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Figure 8. Histograms of photometric cluster membership prob-
abilities pmem for SPIDERS targets. The top panel represents the
target allocation completeness (ratio between tiled and submit-
ted targets). The middle panel represents the target selection
completeness (ratio between tiled and all targets). The bottom
panel contains histograms for SPIDERS-submitted targets (black
curve) and tiled targets in SPIDERS clusters (blue curve) com-
puted in bins of width ∆p = 0.005. The top curve (in red) repre-
sents all CODEX cluster members identified by redMaPPer with
a pmem > 0.05. The green dashed curve represents galaxies spec-
troscopically identified as members of the X-ray cluster catalogue
(K20, see also Sect. 3.3). It includes spectra acquired prior to SPI-
DERS; hence their number exceeds the number of tiled targets.
Numbers in brackets are the totals for each histogram.
match tests done with repeat observations in BOSS. The
median uncertainty for SPIDERS cluster redshifts with a
reliable fit is approximately 20 km s−1. This value is well be-
low the typical 100–1000 km s−1 galaxy velocity dispersions
in galaxy clusters. Less than 1% of the objects have uncer-
tainties above 60 km s−1 and five objects show greater than
100 km s−1 uncertainties. Individual galaxy redshifts uncer-
tainties are taken into account at the galaxy cluster cata-
logue production stage during visual inspection; extremely
large values are usually interpreted as a redshift failure by
inspectors and lead to discarding the corresponding object
from the membership list (K20).
Each successful redshift determination is associated
with a spectral template. The vast majority of best-fit tem-
plates correspond to the ”GALAXY” type of SDSS (as indi-
cated by the CLASS_NOQSO column in the DR16 spectroscopic
Table 1. Breakdown of the SPIDERS galaxy cluster targets in
the SDSS DR16 spectroscopic dataset. Target classes are not mu-
tually exclusive; for instance, a number of SPIDERS AGN tar-
gets (Dwelly et al. 2017) are also SPIDERS cluster targets. The
bottom section refers to SEQUELS galaxy cluster spectra par-
tially described in C16, released in SDSS DR13 and reprocessed
as part of DR16. The overlap between SPIDERS and SEQUELS
spectra is null. Notes: (a): defined by ZWARNING_NOQSO = 0. (b):
corresponding to the best-fit ”NOQSO” template.
SPIDERS clusters spectra 26817
- CODEX targets 26016 97.0%
- XCLASS targets 1134 4.2%
- SPIDERS AGN targets 121 0.4%
- Reliable fit(a) 26508 98.8%
- Reliable fit(a), type(b) ”GALAXY” 26399 98.4%
* with 0 < z < 0.3 16940 (64.2%)
* with 0.3 < z < 0.6 9382 (35.5%)
* with z > 0.6 77 (0.3%)
SEQUELS clusters spectra 2792
- Reliable fit (a) 2769 99.2%
- Reliable fit(a), type(b) ”GALAXY” 2761 98.9%
* with 0 < z < 0.3 1850 (67.0%)
* with 0.3 < z < 0.6 909 (32.9%)
* with z > 0.6 2 (< 0.1%)
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Figure 9. Distribution of the median spectral signal-to-noise ra-
tio (SN_MEDIAN_ALL) for all SPIDERS targets. As a comparison,
the distributions for the BOSS CMASS and BOSS LOWZ sam-
ples are also shown.
sample). The 117 remaining spectra, among the 29277 re-
liably characterised ones, were fitted best with a ”STAR”
template at redshift zero. This relatively low fraction high-
lights the high-purity of the photometric classification and
targeting algorithms.
The numbers presented in this section underscore the
high overall spectral quality of the dataset acquired as part
of the SPIDERS galaxy cluster program. The combined reli-
abilities of the eBOSS pipeline automated classification and
redshift determination considerably ease the galaxy cluster
construction process, since most of the individual galaxy
spectra do not require further visual inspection. In addition,
the spectroscopic success rate close to 100% makes the com-
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Figure 10. Distribution of ∆χ2/dof for all SPIDERS targets. This
quantity represents the difference between the best fit template
and second best fit template after exclusion of quasar templates
from the fit. As a comparison, the distributions for the BOSS
CMASS and BOSS LOWZ samples are also displayed.
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Figure 11. Distribution of the 2′′ fibre diameter magnitude
(FIBER2MAG) in the SDSS-i band for all SPIDERS targets with a
reliable redshift. As a comparison, the distributions for the BOSS
CMASS and BOSS LOWZ samples are also shown.
putation of the final selection function a relatively simple
task; i.e., the survey strategy allows one to shift the effort
on the galaxy cluster membership and confirmation rather
than on the validation of individual galaxy redshifts.
3.3 The SPIDERS reference galaxy cluster sample
Combining SPIDERS spectra with observations acquired
during previous SDSS campaigns provides a large homo-
geneous database of redshifts whose prime usage is X-ray
galaxy cluster confirmation. We briefly introduce here both
cluster catalogues constructed from this combined dataset.
Details of their construction, content, access and usage is
Figure 12. Same as Figure 11 but for model (total) magnitudes
in the SDSS-i band.
Figure 13. Distribution of best-fit redshift (zNOQSO) and redshift
measurement uncertainty (∆z) for all SPIDERS targets with a
reliable fit. The y-axis precisely shows the velocity uncertainty
at the redshift of the target, c∆z/(1 + z). As a comparison, the
distribution for the BOSS CMASS and BOSS LOWZ samples are
also displayed. Contours encompass 10%, 50% and 90% of the
total distributions.
provided in separate papers, cited in the following para-
graphs.
3.3.1 Sampling and completeness of cluster red-sequences
Figure 14 displays the sky location of individual cluster tar-
gets, with emphasis on spectroscopic completeness. Clusters
missing one or several redshifts in their list of assigned tar-
gets are highlighted as red dots. These are mostly located
at the border of the survey. At those positions, unobserved
neighbouring spectroscopic plates can compensate for the
missing data. The localised nature of incomplete systems
and their low number is an outstanding result of the SPI-
DERS spectroscopic survey, enabling precise computation
of the spectroscopic selection function of the final sample,
thanks to the reproducible targeting process. The spectro-
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scopic completeness of X-CLASS galaxy cluster candidates
follows a similar pattern on the sky. Only 11 systems lack
one or more redshifts among the 142 located within the sur-
vey footprint.
Figure 15 similarly represents candidate clusters, now
colour-coded by the number of spectroscopic redshifts col-
lected for their red-sequence. Such targets may eventually
not belong to the final set of confirmed clusters. The typical
(median) number of spectroscopic redshifts per red-sequence
is nine. In this figure, clusters with at least 15 galaxy red-
shifts from the red sequence are plotted in red. It is clear
from this figure that the eboss3 chunk, located at right as-
censions between approximately 14h and 17h, significantly
differs from the bulk of the survey. This result is a direct
consequence of the targeting algorithm being adapted to the
locally greater RASS sensitivities (Sect. 2.1), which led to
redistributing the fixed number of allocated spectroscopic fi-
bres onto a larger pool of CODEX cluster candidates. Such a
trend is absent from the X-CLASS targeting strategy, which
shows a constant number of thirteen (median) spectroscopic
redshifts per red-sequence.
3.3.2 The CODEX/SPIDERS catalogue
Kirkpatrick et al. (subm) (K20) describe the CODEX galaxy
cluster sample validated with SPIDERS spectroscopy. This
sample consists of 2,740 unique X-ray systems confirmed
by combining an automated membership assignment per-
formed by an algorithm and a series of refinements issued
from collaborative visual screening performed by eleven ex-
perts. A moderation process combines individual inspections
and eventually determines a unique membership list (and a
unique cluster redshift, velocity dispersion, X-ray luminos-
ity, mass, etc.) for each confirmed system. A final cleaning
and merging is performed manually; this action allows re-
moval of obvious duplicates and flags merger systems. The
redshift range of this sample is 0.016 < z < 0.677 with a
typical (statistical) uncertainty on each systemic redshift
∆z/(1 + z) = 6 × 10−4. The median number of spectroscopic
members per system is 10 (the mean is 12) and ranges be-
tween 3 and 75. The median number of visual inspectors
per validated system is three, and a minimum of two peo-
ple validated a galaxy cluster. Scaling from their X-ray lu-
minosities, the typical mass6 of those systems amounts to
M200c ' 4× 1014M, although individually precise mass val-
ues cannot be obtained with solely this dataset in hand.
Excluding systems with less than 15 spectroscopic members,
the mean velocity dispersion of galaxies within the SPIDERS
clusters is about 620 km s−1.
Fig. 16 provides an illustrative overview of the complete
galaxy cluster catalogue. It represents each galaxy cluster
by a circle whose size scales with its X-ray luminosity. The
latter measurement may be impacted by various systematic
uncertainties, among them contamination by AGN emission
along the line of sight, possibly within the cluster itself. The
locations of the systems are determined by their comoving
distances from an observer located at (0, 0). The figure is
6 Expressed here as M200c , the mass within a radius R200c . This
is the radius enclosing an average density 200 times above the
critical density at the cluster redshift.
drawn in the celestial equatorial plane. The left- and right-
hand wedges correspond to the North and South Galactic
caps, respectively. The colour coding indicates the number
of spectroscopic members per system; the lower-left region
of this plot comprises relatively less objects with Nmem > 15.
This area of the sky corresponds to the chunk eboss3 where
spectroscopic fibres (available in a limited amount) were
evenly distributed among the more numerous X-ray sources.
Malmquist bias clearly appears in the figure; at higher red-
shifts, the typical luminosity of the systems increases due to
selection effects.
Thanks to the exquisite precision of each individual
redshift measurement, it is possible to investigate the ve-
locity dispersion of galaxies within the confirmed clusters.
Figure 17 displays the projected phase-space distribution of
galaxies identified as cluster members in the CODEX sam-
ple. The projected distance is normalised to the value of
R200c obtained from the relationship between X-ray lumi-
nosity and mass appropriate to these clusters. The velocity
shift is normalised to the velocity dispersion measured from
the velocity data itself, using the gapper or the biweight es-
timates (K20). In the upper panel, all confirmed clusters are
considered, thereby mixing badly determined velocity dis-
persion values with better measured ones. In the bottom
panel, only those clusters whose number of spectroscopi-
cally identified members exceeds 20 are represented. These
clusters benefit from high-quality systemic redshift measure-
ments and robust determinations of the velocity dispersions
of their member galaxies. The reliability of the R200c nor-
malisation value mainly depends on the X-ray luminosity
measurement itself and should also be considered with cau-
tion. Such distributions are key in determining dynamical
mass estimates of clusters, as demonstrated in Capasso et al.
(2019, 2020) for a subset of the SPIDERS catalogue. In these
works, dynamical masses are obtained by fitting mass mod-
els to phase-space distributions similar to those shown in
Fig. 17, after additional cleaning based on richness and red-
sequence spectroscopic coverage.
3.3.3 The X-CLASS/SPIDERS catalogue
The X-CLASS galaxy cluster sample validated with SPI-
DERS spectroscopy consists of 124 unique systems identi-
fied and confirmed following a similar methodology to that
for the CODEX clusters. However, some notable differences
occur in the visual screening process, namely: i) only one
inspector participated in the visual screening and ii) X-ray
data carried heavier weight in the decision process. These
differences are direct consequences of the increased angular
resolution and positional accuracy of the XMM detections
with respect to RASS. It is straightforward to co-locate op-
tical data and X-ray data based on the centroid and extent
of X-ray sources. Visual inspection thus reduces to checking
the 2d+1d (sky+redshift) consistency between X-ray, red-
sequence, and spectroscopic data.
The median number of spectroscopic members per con-
firmed galaxy cluster is 10; the mean is 12. These numbers
are similar to those derived for the CODEX clusters. The
mean redshift is z = 0.31 and ranges from 0.04 to 0.60. Op-
tical richness ranges from λ = 5 to λ = 180, and a fraction of
the sample overlaps the CODEX sample described in previ-
ous paragraph. Interestingly, all X-CLASS confirmed clus-
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Figure 14. Distribution of CODEX cluster candidates (richness above 10) in the NGC (left) and SGC (right). Each point is located
at the X-ray coordinates of a candidate. Red points indicate systems missing one or more redshifts in the list of assigned targets. The
background shading represents the CODEX X-ray sensitivity, much as in Fig. 3.
Figure 15. Same as figure as Fig. 14, but now colour-coding reflects the number of spectroscopic redshifts collected in the red-sequence
of each candidate (pmem > 0.05), regardless of whether they truly belong to the candidate system; clusters plotted in red have 15 or more
measured redshifts.
ters are ‘C1’ detections, thus providing enough photons on
XMM detectors to enable good centroid and surface bright-
ness profile measurements, as well as luminosity and temper-
ature measurements in fixed apertures for all systems (e.g.
Adami et al. 2018).
3.4 Spectral properties of the cluster member
population
Figure A1 displays all individual spectra of galaxies
identified as members of the CODEX sample, sorted
by redshift. These objects were selected by imposing
SCREEN_ISMEMBER_W greater than 0.75, meaning that more
than 75% of visual inspectors identified those objects as
members of a galaxy cluster (K20) A fraction of the spec-
tra lack coverage beyond ∼ 9100 A˚ since their origin is
in SDSS-I/II datasets, with limited bandwidth in compari-
son to the BOSS/eBOSS surveys. The displayed fluxes are
rescaled with the 2′′ fibre fluxes in the i band. This figure
highlights a homogeneous spectral dataset of red, passive
galaxies with notable absorption features such as Ca H+K,
G-band, Mg i, NaD, etc. Barely visible in this figure are a few
galaxies with emission lines such as [O iii] and Hα, included
‘by chance’ or by targeting algorithms other than SPIDERS.
We fit stellar population models to stacks of SPIDERS
red-sequence galaxies, following the empirical phase-space
binning introduced in Muzzin et al. (2014). The bins are de-
noted ‘inner’, ‘middle’ and ‘outer’ as drawn in Fig. 17. Stacks
of the observed galaxy spectra are displayed in Fig. 18. Al-
though their definition is somewhat arbitrary, these bins
are expected to correlate with time since infall onto the
cluster (Muzzin et al. 2014). The stellar population mod-
els (Chabrier IMF, MILES library) and fitting routine used
allow one to decompose the observed continuum into a set of
stellar populations of different ages (Comparat et al. 2017;
Wilkinson et al. 2017). Regardless of the phase-space bin lo-
cation, the stellar population is dominated by old and high
metallicity populations. More than 90% of the mass comes
from stellar populations older than 109.5 years. There is no
hint of new star formation episodes. This result is consis-
tent with Bruzual & Charlot (2003) models used for the red
sequence selection in Rykoff et al. (2014).
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Figure 16. Representation of the CODEX spectroscopically validated catalogue of galaxy clusters (2,740 objects). The sample is fully
described in Kirkpatrick et al. (subm). The observer is located at coordinates (0, 0) and comoving distances are relative to this position.
Three-dimensional positions are collapsed along the axis perpendicular to the celestial equatorial plane, which is the plane of the figure.
Positive x-axis values point towards R.A.=0◦; positive y-axis values point towards R.A.=90◦. Each circle represents a confirmed system,
colour-coded by its number of spectroscopic members. The size of the circle for each cluster scales with the X-ray luminosity (hence, its
mass). The selection function is well understood and the sample is not volume-limited, for instance Malmquist bias is clearly apparent
in the increase of the typical luminosities of clusters with increasing redshift.
3.5 Selection function of the confirmed sample
and X-ray luminosity function
The set of galaxy clusters making the confirmed catalogue
is a sample of the true underlying galaxy cluster popula-
tion. The selection function is the statistical description of
the link between both sets. Besides the geometrical selection
on the sky, the sensitivity of the X-ray imaging to extended
sources is the primary filter governing the selection. Then,
the association to optical red-sequence galaxies enters as a
secondary filter; it is a strong function of the richness and
of the redshift of the galaxy concentrations. The spectro-
scopic follow-up, that is the chain of processes described in
this paper, acts as an additional filter; it excludes systems
with too few spectroscopic members. It is a complex func-
tion of the cluster properties, of the targeting algorithm and
of the line of sight direction. Its computation is considerably
simplified by taking advantage of the homogeneous and uni-
form coverage of SPIDERS. The spectroscopic selection is
governed by the number of galaxies above a threshold lu-
minosity, that is related to the cluster richness λOPT, and
by the distance of the object to the observer, that is given
by its redshift zλ. K20 found the spectroscopic complete-
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Figure 17. Representation of the SPIDERS red-sequence galax-
ies spectroscopically identified as cluster members (selected with
condition SCREEN_ISMEMBER_W ≥ 0.75) in the projected radius-
velocity plane. Red points (the bottom panel) belong to clusters
with more than 20 members, hence measured with high accuracy.
The radius values are normalised by the projected R200c radius;
velocity measurements are normalised by the velocity dispersion
computed for each galaxy cluster. Red dashed lines delineate bins
designated ‘Inner’, ‘Middle’ and ‘Outer’; the external region is not
labelled.
ness of the sample can be expressed as a step function: a
red sequence of galaxies in the CODEX survey is spectro-
scopically confirmed by SPIDERS if λOPT & 15× ζ(zλ). Here
ζ is the redshift-dependent scaling adopted by redMaPPer
to account for galaxies brighter than 0.2L∗ and fainter than
the SDSS magnitude limit (Rykoff et al. 2014); it relates the
raw galaxy counts to the richness estimate λOPT and the se-
lection cut is easily interpreted in terms of the number of
targetable galaxies in a cluster of a given richness λ. This
number drops at z & 0.35 as the SDSS limiting magnitude
makes the fainter cluster galaxies undetectable. The factor
15 encapsulates the effect of the target selection scheme, of
fibre collisions, the photometric outlier rate, etc. The clean-
ing criteria derived by Finoguenov et al. (2020), based on
the 10% RASS sensitivity, is a more conservative cut and
reads : λ > 22(z/0.15)0.8 (see also Ider Chitham et al. subm,
and Fig. B1).
This selection function is used in modelling the survey
and catalogue creation. Fig. 19 presents the X-ray luminos-
ity function (XLF) derived from the CODEX galaxy cluster
catalogue, using either spectroscopic redshifts or photomet-
ric (redMaPPer) redshifts. Only luminosity bins with com-
pleteness above 50% are retained. Calculations with spectro-
scopic redshifts (represented with crosses in the figure) in-
corporate removal of X-ray flux originating from AGN, stars
and blazars, identified with the counterpart finding method
‘NWAY’ (Salvato et al. 2018) in the entire SPIDERS analy-
sis region (Comparat et al. 2020). We only considered AGN
with separations from the X-ray source smaller than 1.5′ and
in any case smaller than the separation between the X-ray
peak and the optical cluster.
The X-ray luminosity function shown in Figure 19 is not
strongly impacted by the use of photometric redshifts (as
expected) due to its slow evolution and the relatively large
redshift bins used in this calculation. We found however that
removal of spectroscopically identified AGN contribution has
a significant impact on the shape of the XLF. While the
effect remains moderate at low redshift (z . 0.3), at high
redshift removal of AGN is essential. A 15% shift in the
XLF induces a shift on cosmological parameters comparable
in magnitude with the current uncertainties on cosmological
parameters.
4 DISCUSSION AND CONCLUSIONS
4.1 A highly multiplexed spectroscopic follow-up
programme
SPIDERS represents an enormous investment of observing
time, data processing, and management. It is, in several re-
spects, unprecedented in the field of galaxy cluster studies,
as witnessed by the following key numbers: close to 27,000
new redshifts were obtained in the project, distributed across
more than 4,000 potentially massive halos within a volume
approaching 5 Gpc3 (comoving). Thanks to coherent data
and information streams flowing from X-ray source detec-
tion down to final catalogues, its achievement is in large
part due to the well-suited infrastructure of the SDSS-IV
and eBOSS projects, including tools such as robust pipelines,
uniform data bases, etc. This process is supported by signif-
icant team engagement and experience accumulated during
years of operations.
The main objective of SPIDERS is to place cosmological
constraints based on studies of the large-scale structure (e.g.,
Ider Chitham et al. subm). Such studies typically require
large number statistics, precisely measured observables, and
wide ranges of halo mass and redshift, with vigilant control
over selection effects. Therefore, the focus of this project was
on obtaining redshifts for as many X-ray clusters as possible,
ensuring reasonable balance between signal-to-noise ratio of
redshift measurements (i.e., number of spectra per cluster)
and coverage of the mass-redshift plane. Our targeting de-
sign accounts for the instrumental and survey limitations:
fibre collision radius, spectrograph limiting magnitude, and
wavelength coverage, etc. We have demonstrated that such
a strategy is successful in obtaining a high-quality, uniform
set of galaxy redshifts out to z ∼ 0.6 (Fig. A1). Because such
a set benefits from extremely reliable spectral classifications
and redshift measurements, our design avoids inspection of
individual spectra. Most of the manual workload is shifted
onto verifying the cluster membership assessment preceded
by an automated algorithm.
This visual inspection step plays a decisive role in the
regime of low number of redshifts per cluster. Concerning
SPIDERS/CODEX, all systems with optical richness above
10 have been visually inspected by at least two people (K20).
In total, more than 15,000 distinct visual inspections were
collected. Such a process is possibly impaired by biases in-
herent to human intervention. We believe, however, that
chaining the automatic membership determination with two
or more independent visual inspections does provide a robust
determination, in line with most state-of-the-art X-ray clus-
ter spectroscopic surveys (Guzzo et al. 2009; Adami et al.
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Figure 18. Median stacks of flux-calibrated spectra for all members within all SPIDERS confirmed galaxy clusters (top panel). Stacks
are grouped into three bins drawn in r/R200 − ∆v/σv phase space (see text and Fig. 17). The three bins roughly correlate with galaxy
infall time in clusters. The middle panel shows the relative difference between the ‘Inner’ (‘Outer’) and the ‘Middle’ stacks in dark (light)
colours. The bottom panel indicates the number of spectra contributing to each wavelength for each composite. If a wavelength bin
includes less than 70% of the total number of spectra, it is discarded from this figure.
2018; Sohn et al. 2018a). Developments are in progress to
further automatise the cluster membership association pro-
cess (e.g., using machine learning). For instance, learning
from the set of visual inspections sourced by SPIDERS,
one may easily imagine an algorithm capable of associat-
ing spectroscopic redshifts with red-sequence galaxies and,
ultimately, with X-ray sources, accounting for the delicate
physics at play in the large-scale structure: mergers of vari-
ous mass ratios, multiple projections along the line-of-sight,
hot gas/galaxy centring shifts, measurement uncertainties,
etc.
A key ingredient in such a project consists in a red-
sequence identifier able to provide not only an estimate for
cluster richness and redshift, but also a photometric mem-
bership probability for individual galaxies in a uniform man-
ner across the entire survey area. This aspect was made pos-
sible in SPIDERS through running redMaPPer (Rykoff et al.
2014) over the 10, 000 deg2 SDSS imaging area (Gunn et al.
1998; Doi et al. 2010). Indeed, identifying likely cluster mem-
bers is crucial in guiding the selection of targets given a lim-
ited fibre·hour budget. This aspect is particularly striking for
the case of CODEX, where X-ray sources are extremely faint
RASS sources with poor positional accuracies and barely
existent morphological indices (centroid or size). The spec-
troscopy of X-CLASS sources is much more straightforward
in this regard, since targeting and membership determina-
tion is informed by robust X-ray positions and morphologies.
Nevertheless, photometric red-sequence pre-selection has no-
ticeable limitations: the definitive pool of acquired cluster
members is by no means representative of the cluster galaxy
population. It is biased towards the most luminous, most
central and most ‘typically passive’ galaxies (Fig. 18). It also
renders the sample selection function dependent on optical
survey depth and peculiarities (e.g., masked areas, Fig. 5).
Such considerations translate into a technical challenge when
computing correction effects, including Malmquist and Ed-
dington biases (Finoguenov et al. 2020). Ultimately, these
complications can be alleviated by a well-considered usage
of densely sampled fields (e.g. Sohn et al. 2018b, 2019), re-
alistic numerical simulations (Comparat et al. 2020), and
refined selection cuts, making analysis samples sufficiently
immune to various selection biases.
4.2 Outlook and prospects for SDSS-V/BHM and
eROSITA
SRG/eROSITA will repeatedly scan the entire sky and pro-
vide large numbers of targets for spectroscopic observa-
tion (Merloni et al. 2012; Predehl 2017). Thanks to its X-
ray quality, located mid-way between XMM-Newton and
ROSAT, it is probable that targeting and data confirma-
tion procedures will share similarities with the methods pre-
sented here in the context of SDSS-IV/SPIDERS. A number
of improvements are foreseeable. These will take advantage
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Figure 19. The X-ray luminosity function of the confirmed
CODEX galaxy cluster sample in two redshift bins (0.1 < z < 0.3
in light grey and 0.3 < z < 0.6 in black). Crosses are data
points calculated using spectroscopic redshifts, these redshifts
also serve in removing contaminating flux from AGN (see text);
points represent data computed with photometric redshifts only,
with no AGN removal. The line shows the Schechter function
(Schechter 1976) describing the REFLEX cluster luminosity func-
tion (Bo¨hringer et al. 2002).
of better resolved X-ray imaging, in particular, enabling pre-
cise colocation of the hot gas and galaxy (stellar) content
of clusters out to large redshifts. Moreover, the increased
depth of optical photometric datasets (McMahon et al. 2013;
Flaugher et al. 2015; Shanks et al. 2015; Flewelling et al.
2016; Ibata et al. 2017; Dey et al. 2019; Kuijken et al.
2019) combined with the use of modern algorithms (red-
sequence finders coupling X-ray and optical data, bayesian
counterpart finders, machine/deep-learning methods, etc.)
will enable better determination of targets and more accu-
rate membership assessment.
The eFEDS programme will link SDSS-IV to SDSS-V,
and it will lead to the spectroscopic identification of galaxy
clusters detected in the CalPV programme of eROSITA (12
spectroscopic plates). eFEDS will constitute the first oppor-
tunity to improve on the methods outlined in this paper. Af-
ter completion of the first full-sky scan, SDSS-V (Kollmeier
et al. 2017) will obtain spectra of the brightest X-ray sources
in the Northern and Southern hemispheres. The spectra of
the fainter sources will be obtained through the 4MOST
instrument on the ESO/VISTA telescope (Merloni et al.
2019; Finoguenov et al. 2019). Designing work- and data-
flows able to retain knowledge of selection steps and con-
firmation biases, together with enabling massive confirma-
tion of the most relevant sources for cosmological studies
is at the heart of such endeavours. The completed SDSS-
IV/SPIDERS project presented in this paper has pioneered
a novel way and is opening the door for the coming scientific
revolution promised by eROSITA on SRG.
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APPENDIX A: TWO-DIMENSIONAL STACK
OF CLUSTER MEMBER SPECTRA
Fig. A1 illustrates the homogeneity of the sample of galaxies
identified as members of SPIDERS clusters over a wide range
of redshifts and masses.
APPENDIX B: SKY DISTRIBUTION OF
”CLEAN” CODEX CLUSTERS
Figure B1 is a representation of all 1,346 clusters that pass
the clean 10% RASS sensitivity cut as defined in Finoguenov
et al. (2019).
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Figure A1. The flux-calibrated spectra corresponding to 32326 cluster members in the DR16 galaxy cluster catalogue
(SCREEN_ISMEMBER_W≥ 0.75). The colour linearly scales with the flux density in each wavelength pixel of a spectrum (units erg s−1
cm−2 A˚−1), normalized to the fibre flux of each galaxy. Spectra are sorted according to their redshift (indicated on the y-axis). The
observed wavelength scale is logarithmic. The main absorption features visible from z = 0.013 to z = 0.679 are Ca ii H+K, G-band, Mg i,
NaD, etc. Some galaxies (barely visible here) display emission features, notably [O iii] and Hα. White stripes at observed wavelengths
beyond 9200 A˚ represent missing data at wavelengths not covered by the SDSS-I/II spectrograph.
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Figure B1. Same as Fig. 16, showing only the 1346 clusters passing the cleaning criteria of Finoguenov et al. (2019) which derives from
the 10% RASS sensitivity and that reads: λ > 22(z/0.15)0.8. This selection happens to match well the low (5%) contamination selection
in Klein et al. (2019).
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